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ABSTRACT

We present spatially resolved maps of six individually-detected Lyman « haloes (LAHs) as well as a first statistical analysis of the
Lyman a (Lya) spectral signature in the circum-galactic medium of high-redshift star-forming galaxies (-17.5 > Myy > -21.5)
using the Multi-Unit Spectroscopic Explorer. Our resolved spectroscopic analysis of the LAHS reveals significant intrahalo variations
of the Lya line profile. Using a three-dimensional two-component model for the Lya emission, we measured the full width at half
maximum (FWHM), the peak velocity shift, and the asymmetry of the Ly line in the core and in the halo of 19 galaxies. We find
that the Ly« line shape is statistically different in the halo compared to the core (in terms of width, peak wavelength, and asymmetry)
for ~40% of our galaxies. Similarly to object-by-object based studies and a recent resolved study using lensing, we find a correlation
between the peak velocity shift and the width of the Ly« line both at the interstellar and circum-galactic scales. This trend has been
predicted by radiative transfer simulations of galactic winds as a result of resonant scattering in outflows. While there is a lack of
correlation between the spectral properties and the spatial scale lengths of our LAHs, we find a correlation between the width of the
line in the LAH and the halo flux fraction. Interestingly, UV bright galaxies (Myy < —20) show broader, more redshifted, and less
asymmetric Lye lines in their haloes. The most significant correlation found is for the FWHM of the line and the UV continuum
slope of the galaxy, suggesting that the redder galaxies have broader Ly« lines. The generally broad and red line shapes found in the
halo component suggest that the Lya haloes are powered either by scattering processes through an outflowing medium, fluorescent
emission from outflowing cold clumps of gas, or a mix of both. Considering the large diversity of the Ly« line profiles observed in
our sample and the lack of strong correlation, the interpretation of our results is still broadly open and underlines the need for realistic

spatially resolved models of the LAHs.
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1. Introduction

Lyman a 41215.67 (Lya) emission is the brightest recombina-
tion line of the hydrogen atom. As such, a number of galaxies
at various redshifts have been discovered through the detection
of the Ly line (e.g., Cowie & Hu 1998; Malhotra & Rhoads
2002; Ouchi et al. 2003, 2008, 2010). Lya emission has there-
fore become a prime tool for the exploration of the Universe and,
particularly, in the study of the distant and faintest star-forming
galaxies which represent the bulk of the galaxy population in the
early Universe.

While historically it was seen simply as a powerful tool for
detecting high redshift objects, it is now possible to use Lya

Article published by EDP Sciences

emission as a tracer of the interstellar medium (ISM) of galaxies
as well as their gaseous envelopes, known as the circum-galactic
medium (CGM). It also traces the gas exchanges between a
galaxy and the environment which primarily drives its evolution.
The cold circum-galactic gas is observed in emission in the form
of a Lya halo (LAH) which reflects the properties of the medium
in terms of HT gas kinematics, column density, and opacity.
Detecting diffuse LAHs around high-redshift star-forming
galaxies is very challenging because of sensitivity limitations.
The first tentative detections of extended Lya emission using
narrowband (NB) imaging were reported twenty years ago
by Mgller & Warren (1998). In order to counteract those
limitations, a number of authors adopted stacking methods
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(e.g., Fynbo et al. 2001; Hayashino et al. 2004; Matsuda et al.
2012; Momose et al. 2014; Xue et al. 2017) and provided statis-
tical evidence for the ubiquity of extended Lya emission around
classical Lya emitters (LAE). Yet these statistical methods have
been criticized and contradictory results reported (e.g., Bond
et al. 2010; Feldmeier et al. 2013) casting doubts on the exis-
tence of the LAHs. While extended Lya emission has then been
observed around individual massive galaxies and quasars (e.g.,
Steidel et al. 2000, 2011; Matsuda et al. 2004, 2011; Miley &
De Breuck 2008; Cantalupo et al. 2012), the detection of LAHs
around low-mass star-forming galaxies was difficult and required
expensive procedure, such as the acquisition of an ultra-deep
long-slit observation (Rauch et al. 2008) or the use of the mag-
nification power of gravitational lensing (Swinbank et al. 2007).

When it was installed at the Very Large Telescope (VLT/
ESO) three years ago, the Multi-Unit Spectroscopic Explorer
(MUSE, Bacon et al. 2010), thanks to its unrivaled sensitivity,
revolutionized the study of the cold CGM of star-forming galax-
ies by allowing the detection of LAHs around 21 individual low-
mass and distant galaxies (Wisotzki et al. 2016; hereafter W16)
in the MUSE Hubble Deep Field South (Bacon et al. 2015). One
year later, we (Leclercq et al. 2017; hereafter L.17) extended the
W16 LAE sample by a factor of ten using the MUSE Hubble
Ultra Deep Field (UDF, Bacon et al. 2017) and reported the detec-
tion of LAHs around 80% of our tested sample of LAEs. This
result showed the ubiquity of the Lya haloes around star-forming
galaxies at redshift 3 < z < 6, suggesting that there are significant
hydrogen reservoirs in their CGM. In the L17 study, we under-
took a statistical study of the spatial properties of the detected
LAHs. We found that the Ly« emission has a median exponen-
tial scale length of 4.5 physical kpc and is, on average, ten times
more extended than the UV continuum of the host galaxy. We also
performed a detailed investigation of the origin of the LAHs and
concluded that we were not able to disentangle the possible mech-
anisms: scattering from star-forming regions, fluorescence, cool-
ing radiation from cold gas accretion, and emission from satellite
galaxies (Gould & Weinberg 1996; Katz et al. 1996; Haiman et al.
2000; Haiman & Rees 2001; Cantalupo et al. 2005; Dijkstra et al.
2006; Kollmeier et al. 2010; Barnes & Haehnelt 2010; Lake et al.
2015).

Another way to get information about the CGM of distant
galaxies is to study the spectral properties of the diffuse Lya
emission. Following the pioneering work of Swinbank et al.
(2007) and using the MUSE instrument coupled to the mag-
nification power of lensing, such investigations have recently
been carried out for a few z > 3 galaxies (Smit et al. 2017,
Vanzella et al. 2017). Those highly magnified systems allow a
well-resolved analysis of the Lya spectral properties. Unfortu-
nately, such systems are very rare at high redshift and rely on
lens modeling. Until today and aside from very extended Lya
blobs (e.g., Vanzella et al. 2017), significant spatial variations in
the Lya line profiles have been reported within only three lensed
LAHs atz > 3.5 (Patricio et al. 2016; Smit et al. 2017; Claeyssens
et al. 2019; hereafter C19) and one un-lensed extended LAE at
z = 2 (Erb et al. 2018). The resolved study of Erb et al. (2018)
reports the detection of spatial variation in the peak ratio and peak
separation of a double-peaked Lya emitter. While the red peak
is dominant at the center of the galaxy, the peak ratio becomes
close to unity at the outskirts of the halo. The authors indicated
that such observations agree with the presence of outflows in
the system. They also measured variations of ~300km s~' in the
Lya peak separation which they interpreted as variations in the
medium properties in terms of column density, covering fraction
or velocity. The C19 analysis presents detailed maps of Ly« line
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properties (velocity peak shift and width) at sub-kpc scales for
two lensed LAEs. For the two objects, significant spatial varia-
tions in the line shape were found, as well as a global trend for
the Ly line to be redder and wider at large radii.

Following those recent studies, here we go further into the
analysis of the diffuse Lya emission surrounding non-lensed
galaxies by looking at the spatially resolved properties of the
Lya haloes detected in our previous study L17. A significant
improvement in the data reduction of the MUSE UDF data
(Bacon et al., in prep.) allows for a detailed analysis of the
brightest LAHs. By taking advantage of the three-dimensional
(3D) information provided by the MUSE data cubes, we first
look at spectral variations by creating spatially resolved maps of
the Lya surface brightness and line properties. Then, we adopt
an approach similar to L17 and describe the Lya distribution
with two components, but which now also consider the spectral
dimension. This 3D parametric method allows us to disentangle
the contribution of the central and diffuse components to the total
Lye spectral signature. The connection between the spectral and
spatial properties of the LAHs can shed light on their origin, as
well as, provide important information about the gas properties
in the CGM of the fainter and smaller galaxies, which represent
the bulk of the galaxy population at high redshift.

The paper is organized as follows: we describe our data and
sample construction in Sect. 2. Section 3 explains our binning and
fitting procedures for the construction of spatially resolved maps
of the Ly distribution. Section 4 describes the model that we use
to determine the spectral characteristics of the LAHs presented
in Sect. 5. Section 5 also includes a statistical comparison with
the central Ly line properties. In Sect. 6 we connect the spectral
and spatial Lya properties and investigate the link with the UV
properties of the host galaxies. Finally, we discuss and present
our summary and conclusions in Sects. 7 and 8, respectively.

In this paper, we use AB magnitudes, physical distances
and assume a ACDM cosmology with Q,, =0.3, Q5 =0.7 and
Hy=70kms™' Mpc~!.

2. Data and sample definition
2.1. Observations and data reduction

The MUSE UDF data were taken as part of the MUSE Guaran-
tee Time Observations program between September 2014 and
February 2016 under a clear sky, photometric conditions and
good seeing (full width at half maximum, FWHM, of 076 at
7750 A). More details about the data acquisition can be found
in Bacon et al. (2017).

Several 1’x 1’ pointings (corresponding to the MUSE field of
view) were completed at two levels of depth: a 3’ X 3" medium-
deep field consisting of a mosaic of nine ten-hour pointings
denoted udf-0[1-9] and an ultra-deep field, denoted udf-10, of
a single ~20 h pointing that overlaps with the mosaic reaching a
total of ~30h depth.

The data reduction of both the udf-10 and mosaic data cubes
has been improved with respect to the one we used in L17 (ver-
sion 0.41) resulting in less systematics and an improved sky sub-
traction. Those latest data cubes (version 1.0) will be described
in a forthcoming paper Bacon et al. (in prep.).

The data cubes contain 323 x 322 and 945 x 947 spatial
pixels (spaxel) for the udf-10 and mosaic field, respectively.
The spatial sampling is 072 X 0”2 and the spectral sampling
is 1.25A. The number of spectra matches the number of spa-
tial pixels in each data cube with a wavelength range of 4750 A
to 9350 A (3681 spectral pixels) and a wavelength-dependent
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spectral resolution ranging from ~180 to ~90 kms~! from blue
to red (see Fig. 15 of Bacon et al. 2017). The data cubes also
contain the estimated variance for each pixel. The data reaches
a limiting surface brightness (SB) sensitivity (1o) of 2.8 and
55%x10 2 ergs~' cm 2 A~! arcsec? for an aperture of 17 x 1"
in the 7000-8500 A range for the udf-10 and mosaic data cubes,
respectively (see Bacon et al., in prep. for more details).

Based on the reduced data cubes presented in Bacon et al.
(2017), Inami et al. (2017; hereafter 117) constructed the MUSE
UDF catalog. The source detection and extraction were per-
formed using (i) priors detected in the Hubble Space Telescope
(HST) data (Rafelski et al. 2015), imposing a magnitude cut at 27
in the F775W band for the mosaic field only, and (ii) the ORIGIN
detection software (Mary et al. 2020). A complete description of
the strategy used for the catalog construction can be found in
117. The ORIGIN software (see Bacon et al. 2017 for techni-
cal details) is designed to detect emission lines in 3D data sets.
This software enabled the discovery of a large number of LAEs
that were barely seen or even undetectable in the HST images
(Maseda et al. 2018).

2.2. Lyman alpha emitter sample

Our parent sample was constructed from the MUSE UDF LAH
catalog (L17, Sect. 2.2). In this study, extended Ly emission has
been reported around 145 star-forming galaxies between the red-
shift range of 3 to 6. From this sample of 145 LAEs, we removed
16 galaxies (i.e., 11%) which have a double-peaked Ly« line pro-
file. The study of such objects, which do not represent the bulk
of the LAE population, is beyond the scope of this paper and
will be subject of a future study. Next, we impose a signal-to-
noise ratio (S/N) cut requiring a minimum value of 6 in the core
component and in the halo component. The S/N of each compo-
nent was calculated in L17 and can be found in Table 1. Below
this S/N value the 1o errors on the resulting parameters of our
fitting procedure (see Sect. 4.1) are very large, on the order of
100kms~! and 250 km s~! on average for the peak position and
width of the line, respectively. Our final sample consists of 19
LAEs surrounded by a Lya halo: 4 are in the udf-10 field and 15
are found only in the mosaic field.

In this analysis, we use two samples with different S/N cuts:
S/N > 6 and S/N > 10. The high S/N subsample consists of
six LAEs and is used for our spatially resolved analysis (see
Sect. 3). The redshift, absolute UV magnitude, Ly luminosity,
Lya rest-frame equivalent width, and Ly halo scale length dis-
tributions of the parent sample (grey), the S/N > 6 (purple) and
the S/N > 10 (red) samples are shown in Fig. 1. Those general
properties are taken from the Table B.1 of L17 and are summa-
rized in Table 1. The UV continuum slopes of our LAEs cal-
culated in Hashimoto et al. (2017; hereafter H17) and the S/N
values of the core and halo component calculated in L17 used
for our sample selection are also indicated in this table. In order
to test the null hypothesis that our subsamples of LAHs are sim-
ilar to the parent sample, we perform a Kolmogorov-Smirnov
(KS) test. Our S/N > 6 sample has similar properties to that
of the parent sample in terms of redshift (2.99 < z < 5.98)
and equivalent width (31.2 < EWQ[A] < 322.5) with KS statistic
Dks < 0.2 and corresponding p-value py > 0.5. They are also
statistically similar regarding their halo scale length distributions
(2.1 < rShaolkpc] <16.4, Dgxs =0.33 and po=0.05). By con-
struction, our S/N > 6 sample is brighter in Lya emission
(1.5 x 10% < Lyy,[erg s7'1<2.4 x 10%) and UV continuum
(=18 = Myy = —-21) with Dgg > 0.4 and py < 0.006.

3. Resolved spectroscopy of the Lya haloes

In order to construct detailed and reliable maps of the diffuse Lya
emission properties around galaxies, we need objects with rela-
tively bright Ly haloes. We therefore run our binning and fitting
procedures on the six galaxies of the high S/N subsample. In this
spectral study of the Lya haloes, the measured parameters are the
peak velocity shift (Av) relative to the central (r < 07”74) line, the
FWHM and the asymmetry parameter (@asym) of the Lya line.

3.1. Data binning

In order to reveal the spatial variations of the Lya line pro-
files within the extended gaseous haloes, we construct two-
dimensional (2D) binned resolved maps. This method allows us
to increase the S/N in the outermost parts of the LAH where the
surface brightness drops significantly.

The 2D binning is performed on the Lya NB image con-
structed from the MUSE data cube using the Voronoi tessellation
method introduced in Cappellari & Copin (2003). The spectral
window of the NB images varies from source to source and is
defined to include the total Ly« line within a spatial aperture
of radius rcog determined by using a curve of growth (CoG)
method!. The borders of the line are set when the flux goes below
zero. The spectral bandwidth is then widened by few angstroms
on each side to ease the fit procedure (see Sect. 3.2). This method
allows us to encompass all the Ly« flux while limiting the noise.

We choose a target S/N of 6 for the binning meaning that
the spaxels above this threshold are not combined with others.
We note that the S/N values of the bins resulting from the 2D
Voronoi binning method (see Cappellari & Copin 2003) are sym-
metrically clustered around the target S/N, value of 6 here. This
explains why some bins have a S/N lower than 6.

3.2. Line extraction and measurements

We extract the Ly« line in each resulting Voronoi bin and mea-
sure its properties by fitting an asymmetric Gaussian function.
The line model used was introduced by Shibuya et al. (2014)
and is expressed by:

—(1 - o)
2 (aasym(/l = Ap) + d)2 ’

\ﬂﬂ)=AeXP( (1)
where A, Ao, daym and d are the amplitude, the peak wavelength,
the asymmetry parameter and a typical width of the line, respec-
tively. Shibuya et al. (2014) argue that Eq. (1) provides a more
robust peak position for the typical LAE profiles than a sym-
metric Gaussian profile. From Eq. (1), we derive the analytic
expression for the full width at half maximum (not corrected for
instrumental effects) of the line as:

2V2In2d

FWHM = :
1-21In2 @y

(@)

In each bin, we fit the Lya line and its associated variance
using the Python package EMCEE (Foreman-Mackey et al. 2013)
as our Markov chain Monte Carlo (MCMC) sampler to deter-
mine the joint likelihood of our parameters in Eq. (1). We use the
measured parameters of the Ly« line integrated in an aperture of
radius rcog as priors for the parameter space exploration.

To perform the fit, we use 50 walkers and run the MCMC
for 5000 steps for each Voronoi bin discarding the initial 1000

! The CoG method is applied on the Lya NB image optimized in S/N
as defined in L17.
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Table 1. Global properties of our LAEs and their Ly halo (taken from Table B.1 of L17).

ID Z —Myy  logio LLya E\ZVO B F'Shalo I'Score S/Nhato S /Ncore
[AB]  [ergs™']  [A] (kpc] [kpc]
82 3.6079 19.82 42.75 85.0 -1.7+0.1 7.00+£0.58 0.62+0.01 144 14.1
149 3.7218 18.95 42.49 877 -23+0.1 6.16+0.74 0.51+0.02 11.3 45.2
180 34607 18.55 42.19 71.0 -1.7+0.1 3.69+096 0.65+0.02 7.1 7.7
547 5.9776  19.02 42.77 150.7 -22+04 6.61+123 0.32+0.02 6.8 24.9
1059 3.8063 21.32 43.09 528 —-12+00 6.87+045 047+0.00 18.1 42.0
1113 3.0905 20.67 42.68 312 -19+00 522+047 0.99+0.01 194 17.4
1185 4.4996 21.17 43.38 979 -19+02 573+£0.21 1.35+0.00 39.2 35.5
1283 4.3648 20.76 42.86 542 —-15+0.1 571051 0.52+0.00 15.9 7.3
1711 3.7662 19.25 42 .47 71.8 —-1.8+02 590+x142 0.59+0.02 6.5 14.3
1723  3.6016 19.15 42.67 1344 -1.6+02 523+093 0.37+0.01 6.0 30.8
1726  3.7075 19.2 42.79 1459 -2.0+02 541+0.59 0.25+0.01 12.6 26.2
1761 4.0284 19.34 42.39 60.0 -18+02 7.71«1.61 0.49+0.00 6.8 6.2
1817 3.4155 18.86 42.55 1208 -2.0+0.1 445+1.30 0.45+0.01 6.1 17.5
1950 4.4718 19.55 42.49 593 —-1.7+0.1 11.32+3.06 0.55+0.01 7.3 9.1
2365 3.5975 18.18 42.91 - 4.77+0.81 0.28+0.01 6.7 10.9
6416 42311 1995 42.88 - - 2.14+0.31 0.22+0.00 10.6 8.4
6680 4.5046 18.86 42.7 139.8 -23+02 1643+8.78 0.87+0.02 7.0 105.6
7047 4.2291 19.23 42.62 96.2 2103 4.67+099 0.51+0.01 7.6 15.3
7159 29958 17.63 42.49 3225 -2.1+04 3.80+0.80 0.29+0.02 7.3 15.1

Notes. ID: source identifier in the MUSE UDF catalog by I17. z: redshift in I17. Myy: absolute far-UV magnitude. log;o Liy,.: logarithm of the

Lya luminosity in ergs™!

. EWy: total Ly rest-frame equivalent width in A. 8: UV continuum slope calculated in H17. rspao: exponential scale

length of the Lya halo in physical kpc. rscor: €xponential scale length of the UV continuum in physical kpc. S /Nya0: signal-to-noise ratio of the
Lya halo. S /N, q: signal-to-noise ratio of the Ly« core (i.e., “continuum-like””) component.

L17 LAHSs
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Fig. 1. From left to right: redshift, absolute UV magnitude, Lya luminosity, Ly« rest-frame equivalent width, and Lya halo scale length distributions
of the parent sample (grey), the S/N > 6 (purple) and the S/N > 10 (red) samples.

steps. We use the median values of the resulting posterior prob-
ability distributions for all the model parameters. The errors on
the parameters are estimated using the 16th and 84th percentiles.

We check the lines and the corresponding fits in each Voronoi
bin. A visual inspection per bin shows that below a S/N of 4, the
quality of the fit in the bin is poor. It is confirmed when look-
ing at the uncertainties of the fit parameters. As a consequence,
we reject the bins whose S/N is lower than 4. The selected bins
are located in areas where the surface brightness is brighter than
10" ergs™! cm~2 arcsec™2. We also check the reduced y? and
found that it is <1.5 and >0.1 for all the S/N > 4 fitted lines
and <1 for more than 90% of the spectra for each object. This
result confirms that the Ly lines are fairly well described by an
asymmetric Gaussian function.

3.3. Resolved Lya spectral properties

The Lya emission maps of the six galaxies which meet our S/N
criterion are shown in Fig. 2. By requiring a S/N > 4 in the
bins (see Sect. 3.2), our maps consist of 14, 41, 23, 106, 16 and
21 bins for object #82, #1059, #1113, #1185, #1726 and #149,
respectively, probing the LAH in a radius of ~10-15kpc. In
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order to facilitate the visual comparison between the central and
the halo components of the galaxies, the diverging colormaps
of the peak velocity shift and FWHM maps (third and fourth
columns, respectively) are centered on the best-fit parameter val-
ues of the Ly« line extracted in the central region (aperture of
radius 0.4” or 2 MUSE pixels) of the galaxy. By construction,
the central best-fit peak value is very close (<25kms™" differ-
ence) to the position corresponding to the Ly redshift from
the 117 catalog where a point spread function (PSF) weighted
extraction has been used. The last column in Fig. 2 shows
the Lya lines extracted in three different and arbitrarily chosen
regions, one is located in the inner region of the galaxy (solid
orange ellipse) and the others in the surrounding halo (dotted
and dashed blue ellipses).

It is apparent from Fig. 2 that the LAEs exhibit significant
differences in their line profiles as a function of spatial position.

3.3.1. Lya line properties

The resolved maps of the Ly peak velocity shift (third column)
reveal that the peak position does vary. The amplitudes of those
variations are lower than ~200 km s~ for the six tested objects.
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Lya peak shift [km s~]

Lya FWHM [km s~1]

Normalized Lya lines
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Fig. 2. Sample of six LAEs surrounded by a Lya halo with S/N > 10 from the L17 sample. Each row shows a different object. First column:
HST/F606W image of the LAE. The HST coordinates (Rafelski et al. 2015) are indicated by the black cross in all panels. The MUSE ID and z
are indicated. Second column: Lya narrowband image (plotted with a power-law stretch) with SB contour at 107'8 erg s™' cm™2 arcsec™ (dashed
white). The solid white contour shows the outer limit of the Voronoi bins group (S/N > 4) used in this study (see Sect. 3.1). Third column: map
of the Lya line peak velocity shift relative to the central (r < 074) Ly line peak (see Sect. 3.3). The diverging colormaps are centered on the
parameter values of the central line and have the same dynamical range to ease the visual comparison. The FWHM of the PSF is plotted in the
upper-left corner. Fourth column: map of the Ly« line FWHM. Fifth column: lines extracted in the ellipsoid areas designated by the same line style
on the maps. They aim to highlight the spectral variations in the core and halo components. The dotted and dashed colored horizontal lines show

the 1o error and the dashed black line shows the zero.
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Fig. 3. Lya haloes spectral analysis of the six galaxies presented in Fig. 2. First row: peak velocity shift relative to the central Ly« line (r < 074)
plotted against the FWHM of the Ly lines extracted in the different Voronoi bins for the six tested objects (MUSE IDs are indicated). The
brightness of the points indicates the bin surface brightness (darker point meaning higher SB). Pearson correlation coefficients p and corresponding
Po values are shown in each panel. The solid colored line indicates the best fit of our data, while the dashed colored lines show the 10 errors (the
slope a and its error are indicated in the legend). The square point (last panel) is discarded for the fit (sigma clipping factor of 4). The parameters
measured on the total Ly« lines are indicated by the star symbols. For comparison the re-scaled V18 relation (solid line) and its dispersion (dotted
lines) are plotted in black. The black dashed lines show the V18 relation 1o errors by taking into account the errors of the re-scaling procedure (see
Sect. 3.3.2). Bottom rows: Lya surface brightness of the bins as a function of the peak velocity shift (fop) and FWHM (bottom) of the Ly« line for
the six tested objects. The black dotted vertical lines indicate the central Ly« line values. The black horizontal dashed line represents the arbitrary
SB threshold at 1077 erg s™' cm2 arcsec™2. The colored vertical dashed lines show the median values of the SB < 10™'7 erg s™! cm2 arcsec™ bins.

We do not observe any obvious velocity field in the Lya distri-
butions except for the object #1059 (second row) and possibly
object #1726 (second to last row) where a structured velocity
field is suggested (see discussion in Sect. 7.2).

The resolved maps of the Lya FWHM (fourth column) reveal
that the width of the Ly« line varies spatially as well. The ampli-
tude of those variations can be higher, notably for the objects
#1059 and #1185 for which the line width variations reach =250
and >500km s!, respectively.

Generally, a large diversity in the line profiles is observed:
while some galaxies globally show a wider and redder Lya line
in the outer regions (e.g., objects #82, #1059 and #1113), others
show slightly narrower and bluer lines (e.g., objects #1726 and
#149). One can also observe spectral variations at small spatial
scales (<5 kpc) within the LAHs. The last column of Fig. 2 illus-
trates some of those spectral changes by showing three spectra
integrated in three arbitrarily chosen regions. Interestingly, the
Lya line extracted in the bins are all single-peaked except for
object #149 where a blue bump is visible (dashed line) although
its S/N is low (see discussion Sect. 7.3.3).
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3.3.2. Peak velocity shift versus width of the Lya line

The top row of Fig. 3 displays the relation between the best-fit
parameters of the Ly lines extracted in the different bins for
the six tested objects in terms of peak velocity shift and FWHM.
The points are color coded by the SB of the bins (darker point
meaning higher SB).

We find a significant correlation between the Lya peak veloc-
ity shift and the FWHM for four objects out of six (see the
Pearson coefficients). This result is in good agreement with C19
which also found this correlation for spatially resolved spectra
of two lensed galaxies. For #1726 and #149, the small dynamic
range in FWHM and peak velocity shift precludes any statement
about the lack of existence of a correlation with the present data.

We compare our results to the empirical relation established
in Verhamme et al. (2018; hereafter V18) between the Ly« peak
velocity shift relative to the systemic redshift and the FWHM
of the Ly« line. This object-by-object based relation has been
established using 13 LAEs detected in various MUSE fields for
which the systemic redshift is known as well as spectroscopic
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Ly« data found in the literature spanning a wide redshift range.
We performed a vertical re-scaling of the V18 relation (using
a least-squares minimization method) in order to aid the visual
comparison of the slopes. This is due to the fact that we do not
know the systemic redshift of our objects. The re-scaled V18
relation (solid black line) and its dispersion (dotted black lines)
are superimposed on our data in Fig. 3 (top row). Remarkably,
most of our data points fall close to this relation and within its
1o dispersion. The dashed black lines represent the V18 disper-
sion when including the errors from our re-scaling procedure.
The colored solid and dashed lines show our best fit to the data
and the lo errors, respectively. Similarly to V18, we run the
LTS_LINEFIT routine’ introduced in Cappellari et al. (2013)
which uses a robust least-squares fitting technique and takes into
account the errors of both variables. A sigma-clipping factor of
4 is used in the fit procedure. The excluded point is shown by the
square symbol (last panel).

We find a trend similar as V18 for spatially resolved spectra
but the slope of the relation is lower and varies from one object
to another (see values on Fig. 3, top row). Interestingly, the best-
fit parameters measured on the total Ly« lines (extracted in an
aperture of radius rcog) of the six objects (black star symbols)
are well located on the V18 relation.

3.3.3. Surface brightness effects

The bottom rows of Fig. 3 shows the surface brightness in the
bins as a function of the Lya peak velocity shift relative to
the Lya central line (top panels) and the FWHM of the line in
the Voronoi bins (bottom panels). In a similar way to C19, the
vertical dashed lines show the median values of the faintest bins
(SB <1077 ergs™' em™2 arcsec 2, horizontal dashed line).

On average, the Lya lines extracted from the brightest bins
(SB> 107" ergs™! cm~2 arcsec™?) have smaller velocity offset
(<50km s~") and are narrower compared to the ones extracted in
the faintest bins for which we observe more scatter. This result
is in good agreement with C19 (see their Fig. 4). We remark
that the bins of low SB are also, by construction, the more spa-
tially extended and thus more prone to artificial broadening (see
Sect. 7.2 for discussion).

This statement does not apply to object #1726 and #149 for
which the variations are smaller. The object #1113 is also inter-
esting as we find broad Ly« lines in both faint and bright bins.

All in all, even at the MUSE spectral and spatial resolution,
we detect significant variations of the Ly« line profile within the
spatial Ly distribution, for this sample of six bright LAHs with
high S/N.

4. Lya halo 3D decomposition

In order to test the robustness of the trends found in the first
part of the paper on a larger sample, we set up a new statisti-
cal method based on the W16 and L17 analyses which consists
of the simultaneous 3D (i.e., spectral and spatial) decomposition
of the Ly« emission. This parametric fit procedure is less sensi-
tive to the noise. It therefore allows us to increase the sample by
including lower S/N Lya haloes (S/N > 6).

4.1. Three-dimensional two-component fits

Our previous studies (W16 and L17) have demonstrated that
the spatial distribution of Lya radiation emitted from and

2 Cappellari (2014) and http://www-astro.physics.ox.ac.uk/
~mxc/software/#lts

around distant star-forming galaxies is well-described by a two-
dimensional, two-component circular exponential distribution.
In order to push the analysis further, we upgrade the model
by adding the spectral dimension to the model. We thus use
a 3D, two-component modeling approach, fitting MUSE Lya
subcubes. This method aims to disentangle and compare the
averaged Lya spectral signatures of the host galaxy and its sur-
rounding gaseous envelop.

4.1.1. Model

We describe here how we characterize the 3D Lya distribution
of our extended LAEs. In W16 and L17 we decomposed the
observed spatial Ly« distribution into a central and an extended
circular and co-spatial exponential component using the HST
morphological information as prior (see Sect. 4.1 of L17). Using
this method, we parametrized the spatial distribution of the Lya
emission with four parameters: the scale lengths and central flux
intensities of the central and extended components (7'Score, ¥Shalo>
Leores and Ipyo, respectively). Our 3D model is based on this 2D,
two-component, circularly symmetric model of L17 and addi-
tionally takes into account the spectral dimension. It is defined
by Eq. (3) where C(r, A) describes the total Lya flux distribution
in the subcube of the source:

r r
Icore(/l) exXp (_ s ) + ]halo(/l) exp (_ ¥ Shal )]

X PSF3p muse(ALya)

C(r,A) =

3

The central flux intensity parameters I o and Iy, depend on
the wavelength and are described by the asymmetric Gaussian
function given by Eq. (1). Our fit procedure takes into account
the MUSE 3D PSF so that the spatial and spectral parameters are
corrected from the spatial PSF and line spread function (LSF)
effects, respectively.

4.1.2. Subcubes construction

From the MUSE data cubes, we extract subcubes centered on the
spectral and spatial flux maxima of our objects. The spatial and
spectral apertures used are different for each source. The radius
of the spatial aperture corresponds to the measured CoG radius
(see Sect. 5.3.2. of L17). The spectral window corresponds to
the Lya full line width extracted in the aperture of radius rcog
expanded by 2.5A (i.e., 2 MUSE pixels) on each side of the
line. This 3D aperture ensures that most of the detectable Ly«
flux is encompassed for each object while limiting noise. The
continuum is removed by performing a spectral median filtering
on the MUSE cubes (see Sect. 3.1.1 of L17 for more details).

Following this procedure, we construct Lya subcubes with
spatial and spectral apertures ranging from 1”/8 to 4”76 (median
value of 2/8) in radius and 11.25 A to 31.25 A (median value of
21.25A), respectively. This represents typically a total spectral
windows of 1100kms~!.

4.1.3. Fitting procedure

The modeling is performed by fitting the subcube of our sources
by (i) fixing the core and halo scale length parameters 7s¢ore and
T'Shalo to the values measured in L17 — this step reduces the num-
bers of fitted parameters and therefore makes the fit more robust —,
(ii) taking into account the 3D PSF by convolving the model
with the MUSE spatial PSF similarly to L17 and the MUSE
LSF, and (iii) making use of the variance of each 3D pixel of the
subcube.
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Table 2. Fitting results from our 3D two-component analysis.
ID FWHMcore FWHMyALO  GasymCORE  GasymHALO  Apeakcorg  Apeakyai o AVHALO-CORE
[(kms™] [(kms™!] [A] [A] [kms™]
82 121431 419+39 0.327092  0.057093  5599.9*02  5603.704 204+32
149 5530 3727 0.297091  0.04*017  5737.9*90  5737.8*03 —4+17
180 32643 294789 0.147008  0.237013  5421.2%3%  5420.3%)3 —47+415
547 14722 168719 0.377093  0.197018  8479.5%02  8480.0*1% 17+
1059 224%18 420738 0.327092  0.1870%  5840.5*01  5842.1*03 80*31
1113 82+ 32613 0.327001  0.12%09  4970.6*02  4973.170% 150*33
1185 278%14 471713 0.307001  0.12709%  6683.4*01  6685.6")3 99+18
1283 19293 458+63 0.3970%5 036709 6518.5%0%  6521.1*03 118+
1711 220%3 14637, 0.237006  0.18*02%  5792.2*03  5791.57)7 —40*3
1723 156+18 295%312 0.267002 —0.20*93%  5591.8*01  5594.2*11 129+82
1726 103*3 45431 0.307002  0.07%)3  5720.5*)1  5720.8*)3 1242
1761 104! 2524307 0.38709%  0.21%033  6109.9*3¢  6111.3*}] 67 4"
1817 135722 3334 0.277092  0.087 013 5366.0'01  5365.970% 23
1950 240*8 2857122 —0.157218  0.147921  6650.8705  6648.9%1 —84+123
2365 153738 178+89 0.3270%  0.257019  5586.9*037  5588.0%0¢ 64145
6416 294+24 1152 0.127094 027709 6359.170%  6356.67)2 —115728
6680 106*¢ 70+76 0.247001 0297097 6689.3"00  6688.870 —22+27
7047 143*42 141*71 0.31709¢  0.20%011  6355.0703  6355.7)2 3745
7159 40+18 33183 0.01701¢  —0.15*11  4856.4702  4856.2+09 -12%3

Notes. ID: source identifier in the MUSE UDF catalog by 117. FWH Mcorg: rest-frame full width at half maximum of the Ly« line extracted in

the core component in kms™!

. FWHMya o: rest-frame full width at half maximum of the Ly« line extracted in the halo component in kms™.

1

Qasym,core: asymmetry parameter of the Lya line in the core. dgyymparo: asymmetry parameter of the Lya line in the halo. Apeakoogg: peak
wavelength position of the Ly« line in the core in A. Apeaky,; o: peak wavelength position of the Lya line in the halo in A. AVHALO-CORE: halo/core
peak separation in kms™'. Those values are corrected for the MUSE LSF (see Table B.1 for non-corrected values).

We thus have eight parameters in total to fit the Lya 3D dis-
tribution: the amplitudes, the peak wavelengths, the asymmetry
parameters and the full widths at half maximum of the two asym-
metric Gaussian functions describing the flux intensity in the
core and halo components as a function of wavelength.

To perform a robust fit of our MUSE subcubes and sim-
ilarly to the 1D spectral fit performed in the first part of the
paper (see Sect. 3.2), we use the Python package EMCEE
(Foreman-Mackey et al. 2013) as our MCMC sampler to deter-
mine the joint likelihood of our parameters in Eq. (3). We start
by initializing the walkers with the following priors on the
parameters:

— The total flux of the lines in the core and halo are equal
and are two times smaller than the total Ly« line integrated in an
aperture of radius rcoG,

— the wavelength of the core/halo line peaks are equal and
correspond to the peak position of the total Lya line,

— FWHMcore and FWHMya o are equal and correspond
to the FWHM of the total Lye line,

— the lines are symmetrical (dasym = 0).

We use 100 walkers and run the MCMC for 5000 steps
for each subcubes discarding the initial 1000 steps. We use the
median values of the resulting posterior probability distributions
for all the model parameters. The errors on the parameters are
estimated using the 16th and 84th percentiles. The fitting results
are given in Table 2.

Figure 4 shows the spectral projection of the best-fit 3D
model obtained for our 19 LAEs (S/N > 6 sample). We show
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the spectral decomposition of the total Ly« line (purple) into the
core Ly line (orange) and the halo Lya line (blue). We overplot
the total observed Ly« line (black line with the 1o errors shown
by the grey area) integrated in the MUSE subcubes (see previous
section). For most of our objects, the modeled line is a good fit
to the observed Lya line. The adopted model thus appears to be
a good representation of the observed data.

4.2. Model robustness

In order to test our model, we compare the resulting 3D best-
fit parameters to the binned resolved Lya maps (see Fig. 2)
obtained in the first part of the paper (Sect. 3). Because the
line parameters of the resolved maps are not corrected for
instrumental effects, we consider the 3D best-fit parameters not
corrected for the LSF (presented in Table B.1) for this exercise.

As a first step, a qualitative visual inspection shows that the
trends are similar for the six tested galaxies:

— In Fig. 2 the objects #82, #1059 and #1185 show broader
and redder Lya lines in the outermost regions of the Lya spatial
distribution. It is in good agreement with the 3D fit parameters.

— On the contrary, the maps of the objects #1726 and #149
indicate that the Lya lines of the outer bins are bluer and nar-
rower compared to the ones of the inner bins, although the vari-
ations are small (<30kms™"). It again agrees with the 3D fit
results.

— The resolved maps of the object #1059 are more contrasted
in the halo. The shift of the peak goes from ~-50kms~! to
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Fig. 4. 1D profiles of the 3D modeled Ly« distribution decomposed into central (orange lines) and extended (blue lines) components (see Sect. 4.1
and Eq. (3)). These represent the 19 galaxies for which the S/N in the core and halo components is higher than 6. The MUSE identifier are indicated
in each panel. The colored labels correspond to the S/N > 10 objects where the same color coding as in Fig. 3 is used. The total spectra of the
modeled Lya emission are shown in purple. For comparison, the observed Lya lines and their 1o errors (see Sect. 4.1.2) are overplotted in black
and grey respectively. The vertical dotted black lines delimit the spectral window used for the fit (see Sect. 4.1.2). The best-fit line parameters
(halo/core FWHM and peak separation) are indicated in kms™' (blue, orange and black, respectively) in each panel.

~+150kms~! and the FWHM varies significantly throughout
the halo. In this case the 3D fit provides information about the
average Lya line and as a consequence conceals the spectral
variations (see the discussion Sect. 7.2). Considering this effect,
the line parameters resulting from the two methods are in rather
good agreement.

Figure 5 provides a comparison between the parameter val-
ues resulting from the 3D fit procedure and direct measurements
using 1D fit. To do so, we extract a core-like (circular aperture of
radius <0”4) and halo-like (annular aperture of radius >1") line
from the subcubes of the six S/N > 10 LAHs and fit those lines
with an asymmetric Gaussian function (see Sect. 3.2). The peak
velocity shift and FWHM values of the two methods are iden-
tical within the errorbars and the differences are smaller than
one MUSE pixel error (grey shaded area where the error value
in kms™! is set at z=23) for most of the galaxies. The largest
differences are observed for the objects #1059 and #1185 and
are discussed in Sect. 7.2). We also note that the central flux of

the halo component is not taken into account for the 1D halo
line measurements. This could be responsible for the resulting
differences between the two methods.

We underline here that we do not expect the agreement to
be perfect, considering that a simple parametric model cannot
capture the complex structure and kinematics of the CGM in its
entirety, but the fact that we find very good agreement in most
cases is reassuring and means that deviations due to additional
complexity are not dramatic and that our simple modeling does
capture the overall properties of the haloes.

5. Spectral characterization of the Lya emission
5.1. Line parameters

The adopted model provides parameters reflecting the width,
the peak wavelength and the asymmetry of the Ly« lines cor-
rected for LSF for the two components. The top row of Fig. 6
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Fig. 5. Comparison between the core (stars) and halo (dots) line param-
eters (top: FWHM, bottom: peak position) resulting from our 3D fit
method and 1D fit performed on the Lya lines extracted in the central
region (r < 074) and outer regions (r > 1”) of the LAH. This exercise is
performed for the six brightest LAHs of our sample (same color coding
as Fig. 3). The grey shaded area indicates a difference of less than one
MUSE pizxel (set for z = 3).

shows the distributions of the core (orange) and halo (blue) line
FWHM (left), their peak velocity shift (middle) relative to the
peak position of the total fitted line (purple line in Fig. 4) and
their asymmetry parameters (right). The median values are indi-
cated by the vertical solid lines.

The FWHM values of the Lya lines span a range from 40
to 325kms™' (median value of 147kms~") in the core com-
ponent and from 33 to 471kms~! in the halo (median value
of 252kms™"). The velocity shift Ay values between the peak
of the Ly« line in a given component and the peak of the total
Lya line range from —142 to +75kms~! in the core and —53 to
+93 kms~! in the halo with a respective median value of —36 and
—6kms~!. The median asymmetry parameter values are 0.30
and 0.18 and vary from —0.15 to 0.39 and from —0.20 to 0.36
for the core and halo Ly« lines, respectively.

5.2. Halo-Core line profiles comparison

Focusing on the median values of the line parameters in the core
and halo taken separately (solid vertical lines in the top panels of
Fig. 6), the median Lye line in the halo appears broader, redder,
and less asymmetric than the median Lya line in the core but still
asymmetric with a red tail. It is, however, important to note that
those distributions show large dispersions (see Sect. 5.1).
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Now, when comparing the median Lya line parameters
between the components of each galaxy (bottom panels), we see
that those differences are less obvious. Indeed, the Ly line in the
halo appears only slightly broader (median value of the FWHM
ratio of 1.16, bottom left) and slightly redder (+17kms~', bot-
tom middle) than in the core component. On the contrary, the
direct core/halo comparison, with a median asymmetry param-
eter ratio of 0.5 (bottom right), reinforces the fact that the line
in the halo is less asymmetric. It is again important to note here
that the dispersion of the distributions is high. The Ly line in
the halo of our galaxies can be up to about two times broader but
also narrower than in the core. Some objects have a blueshifted
(up to ~100km s~!) or redshifted (up to 200kms~!) Lya line in
the halo compared to the line in the core. We also find that the
Lya line can be more asymmetric in the halo or even show an
opposite asymmetry profile (ratio <(0) compared to the line in
the core.

Those results demonstrate that the Ly« lines in the halo and
in the core can have very different spectral profiles in terms of
width, wavelength peak position and asymmetry.

5.3. Halo-Core parameters correlation analysis

We show the most significant correlations between the line
parameters in Fig. 7. The relations between all best-fit param-
eters are displayed in Fig. A.1.

The results of the Spearman rank correlation test (os = 0.56,
po = 0.01, left panel) suggest that a positive correlation exists
between the width and the peak velocity shift of the Ly line
in the halo: the wider the Lya line in the halo is the more it is
redshifted compared to the Ly line in the core. This result is in
good agreement with our spatially resolved analysis of the Lya
haloes (Sect. 3.3).

We also find that the peak velocity shift of the Ly line in
the halo relative to the peak position in the core correlates with
the asymmetry parameter of the central Ly« line (os = 0.76,
po =~ 107*, right panel). In other words, the more asymmetric
the Lya line in the core is, the more redshifted the Ly« line in
the halo is. This correlation is not seen in the halo component.

We do not find any other significant correlation between the
line parameters (see Fig. A.1).

5.4. Statistical significance of the spectral differences

In order to answer the question of whether the Lye line is sig-
nificantly different in the central region and in the CGM of our
galaxies, we calculate the probability pg of the two line parame-
ter sets (FWHM, Ao, and ausym of the core and halo components)
to be identical by considering normal distributions for the param-
eters with dispersion equal to the statistical error on the best fit.
We consider the parameters as statistically different if py < 107>,
Out of the 19 objects of our sample, seven (37%) show sta-
tistical evidence for a difference in their core/halo Lya spectral
profiles in terms of width, peak position and asymmetry. Consid-
ering the FWHM, Ay and a,sym parameters separately, 74% (14
objects), 84% (16 objects) and 79% (15 objects) of our sample
show statistically significant differences, respectively. The galax-
ies for which the core and halo Ly lines are not statistically
different are designated with open circles in Figs. 9 and 10.

6. Connecting host galaxies to their Lya lines

In this section we investigate the relations between the spectral
and spatial properties of the Lya haloes (Sect. 6.1). Then we
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connect the LAH spectral characteristics to the UV content of
the host galaxies (Sect. 6.2). The figures of this section aim to
illustrate the tentative correlations found. The other relations are
shown in Figs. A.2 and A.3.

6.1. Lya spatial extent and flux

We start by investigating the relation between the spectral (in
terms of FWHM, asymmetry, and peak separation) and spatial
(in terms of scale length and flux) characteristics of the Lya

emission; in each component first (Sect. 6.1.1) and then between
the core and halo components (Sect. 6.1.2).

6.1.1. Connection in each component

Figure 8 shows the relations between the Ly« spectral and spa-
tial properties in terms of FWHM and, exponential scale length
and flux, respectively. We find no correlation between the scale
length (rs) and the width of the line neither in the core com-
ponent nor in the halo (left panel). A lack of correlation is also
observed between the scale lengths and the asymmetry param-
eter as well as the peak separation of the lines (see panels a3
and a5 of Fig. A.2, respectively). In the halo component, we find
a positive correlation (o, = 0.69, pp = 107%) between the Lya
flux and the width of line (and therefore the peak separation as
those properties appear correlated, see Sect. 5.2 and panel c5 of
Fig. A.2) which is not found in the core component (Fig. 8, right
panel).

6.1.2. Connection between components

Next we compare the Lya emission properties between the core
and the halo of each galaxy. Figure 9 displays the halo flux frac-
tion as a function of the FWHM of the line in the halo (left)
and halo/core FWHM ratio (right). The halo flux fraction Xy, is
defined as the ratio between the Ly« flux in the halo and the total
Lya flux. We find a connection between Xp,, and the width of
the Lya line (o = 0.69, po = 1073) as well as a suggestive corre-
lation between Xp,1, and the halo/core FWHM ratio (o5 = 0.57,
po = 0.01).

We find no link between the spatial extent of the LAHs (nor-
malized to the UV-continuum spatial extent) and the spectral
properties of the Ly« emission (see Fig. A.2, Col. b).
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In addition to the lack of Lya halo size evolution with red-
shift already presented in L17 (see Sect. 6.3 of L17), we find no
significant evolution of the Ly« halo spectral properties (see last
column of Fig. A.3).

6.2. UV properties of the host galaxy

Here we investigate the connection between the measured Lya
line parameters and the host galaxy properties in terms of total
rest-frame Ly equivalent width EW, absolute UV magnitude
Myv, and UV continuum slope 3.

While we find no strong link between the Ly« line parame-
ters in the halo and either EW or Myy (first and second columns
of Fig. A.3), there is a suggestion of a correlation between the
UV magnitude of the host galaxy and the FWHM of the Ly«
line extracted in the halo (os = 0.5, pp = 0.03, top panel of
Fig. 10). This is not the case for the line in the core component
(see orange symbols in the second top panel of Fig. A.3).

Interestingly, the Lya line of the haloes surrounding
bright galaxies (Myy < — 20mag) are among the broadest
(FWHMyaLo >300kms™!); and they are both broader and
redder than the line in the inner regions (FWHMyaro /
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FWHMcorg > 1.7 and Avgaro—corg > 80km Sil, see bottom
panel of Fig. 10). They also have a red tail (@asymuaro >0)
and are less asymmetric than the line in the galaxy core
(@asymHALO/@asym,corE < 1). We do not find such trends with the
equivalent width (see first column of Fig. A.3).

The most significant correlation is found between the width
of the line and the UV continuum slope (calculated in H17)
as shown in Fig. 11. This trend applies to the Lya lines in
the core (orange) and in the halo (blue) component (o5 ~0.75,
Po=5x107*). The 8 slope is known to be steeper for galaxies
with low dust content (Meurer et al. 1999), young stellar age
or low metallicity. Our results may therefore suggest that more
evolved galaxies, i.e., dustier, more metal-rich, and potentially
more massive (Finkelstein et al. 2009; Yuma et al. 2010; Ono
et al. 2010), show broader Ly« lines.

Finally, we find no correlation between the Lya halo spec-
tral profiles and the UV spatial extent of the host galaxies (i.e.,
FScores S€€ orange symbols in the first column of Fig. A.2).
The Spearman rank correlation coefficients of the two relations
which are not shown in Fig. A.2 (FWHMyaro — 7Score and
QasymHALO — T'Score) are (ps = 0.36, po = 0.13) and (ps = 0.09,
po = 0.7), respectively.

7. Discussion
7.1. Diversity of the Ly« line profiles in the halo

This study allows for the first statistical analysis of the spectral
signature of the Lya emission in the CGM of LAEs. We find
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that the typical red-asymmetric and single-peaked Ly« profile is
observed in the central region as well as in the outskirts of most
of our galaxies. No clear hint for a blue-asymmetric profile —
that would be indicative of cooling inflows (Dijkstra et al. 2006
and Sect. 7.3.2) — is found. This result shows that either (i) if
the LAHs are produced by scattering from a central source (see
Sect. 7.3.1), radiative transfer effects in the CGM preserve the
global spectral shape of the Ly« line emerging from the ISM, or
(ii) if the Lya photons are created in-situ in the CGM through
fluorescence processes (see Sect. 7.3.3), the physical conditions
in the ISM and CGM are similar.

The large dispersion of the line parameters distributions (see
Fig. 6) demonstrates the large diversity of the Lya halo spec-
tral profiles. Together with our previous L17 study, our results
show that the Lya haloes around galaxies appear very diverse in
terms of spatial and spectral properties. Indeed, when compar-
ing with the central Ly« spectral signatures, the Ly« lines in the
halo are on average redder, wider and more symmetrical (Fig. 6,
top). However, the comparison of lines in the core and halo on
a galaxy by galaxy basis (see bottom panels of Fig. 6, see also
Figs. 7 and A.1) shows no significant correlation. This under-
lines the diversity of physical properties of the CGM, and the
complexity of their connection with the host galaxies.

Recently, Smith et al. (2019, hereafter S19) studied a simu-
lated low-mass galaxy at z = 5 and predicted that the Lya line
profile does change with time but also with the viewing angle.
Although their Lya line profiles are double peaked, their results
suggest that the large diversity observed in our sample of LAHs
could be explained by the strong variability of the Lya escape
fraction with time and line of sight. Behrens et al. (2019) reported
similar results for a 10'° M, simulated galaxy at z = 7.2 by look-
ing at 48 different lines of sight. In particular, they found that the
Lya FWHM varies a lot (from 60 to 1200 km s~ see their Fig. 3).

Interestingly, such a diversity is also appreciable at smaller
scales, i.e., within the spatial extent of the LAHs (see Fig. 2).

Those intrahalo variations reveal the complex structure of the
cold CGM around high redshift star forming galaxies, as also
pointed out by S19.

7.2. Is the Lya line really broader in the halo?

The detection of small-scale variations in the Ly« line profile
actually questions our two-component model. Indeed, for objects
showing strong spatial variations in their spectral shapes, the
Ly line extracted from the halo component can be artificially
broadened through averaging. This is probably the case for the
objects #1059 and #1185 (see Fig. 5, red and orange points).
While this possibility challenges our model, the results between
our resolved and parametric approaches are in relatively good
agreement for most of our tested objects (see Fig. 5).

Additionally, the line shape is not necessarily due to radiative
transfer effects, but can also include contributions from intrinsic
patterns of the CGM. A CGM scale rotation is also observed in
simulations (S19). This seems to be the case for object #1059
which appears to contain a velocity gradient in the 2D map.
Although the systemic redshift is unknown, we calculated the
dispersion induced by the observed velocity gradient. On aver-
age 50% of the FWHM of the Lya line in the halo can be
explained by the peak position variations for our six S/N > 10
objects. We thus find that a velocity field can not explain entirely
the measured FWHM values.

The presence of close satellites can also artificially create
small scale variations within the halo and therefore widen the
resulting Lye line in the halo. This possibility is discussed in
Sect. 7.3.4.

7.3. New inputs regarding the origin of the Lya haloes

Considering our spectral analysis of the LAHs, we now attempt
to address the question of their origin. Similarly to L17,
we briefly review the possible powering mechanisms of the
extended Lya emission, discuss the observational expectations
and try to connect them to our results.

7.3.1. Scattering from a central source in an outflowing
medium

In this scenario, the Lya photons are produced by recombina-
tion or collision in the ISM of the host galaxy. The photons
that succeed to escape the dusty ISM reach the CGM where
they can be scattered by the neutral hydrogen and are poten-
tially re-emitted towards the observer. This succession of events
is a possible explanation of the observed Lya haloes. Kusakabe
et al. (2019) investigated the origin of the Lya haloes using the
stacking method and argued that this mechanism is dominant in
Myvy > =20 LAEs at 7 ~ 2 (see their discussion).

The single-peaked and red-asymmetric spectral profile of
most observed Ly« lines at z> 3 can be explained by radiative
transfer models as a signature of galactic outflows (Dijkstra et al.
2006; Verhamme et al. 2006). More generally, the process of Lya
scattering from a central source in an outflowing wind medium
has been well studied (Verhamme et al. 2006; Dijkstra & Kramer
2012; Yang et al. 2016) and succeeds in reproducing most of the
Lya spectral profiles (eg. Hashimoto et al. 2015; Gronke 2017).
In a case of a static medium, we expect the Lya spectral pro-
file to be double peaked. The intervening gas in the Hubble flow
located on the line of sight of galaxies absorbs the bluer photons
and consequently attenuates the blue peak of Ly« line. The pre-
dicted transmission at z =~ 3.8, corresponding to the median value
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of our sample, for photons blueshifted by —200km s~ from the
resonance is more than 60% (Laursen et al. 2011), meaning that
double-peaked profiles should still be detected after IGM cross-
ing. In other words, it seems more probable for our Lya pro-
files to be explained by the presence of outflowing rather than
static gas. The sophisticated model of Kakiichi & Dijkstra (2018)
manages to match the constraints on the CGM from absorption
lines with outflowing gas, while producing extended Lya nebu-
lae. In order to match the results of W16, they however require
that 100% Lya photons produced by the galaxies escape their
ISM and scatter through the CGM. Although this fraction seems
unrealistically high, their work suggests that scattering is one of
the significant ingredients of extended Lya nebulae.

An interesting result from our investigation is the correlation
we find between the width and the peak velocity shift of the Lya
line which seems to hold for both the Lya emission coming from
the ISM and CGM according to our resolved maps and paramet-
ric fitting method (see top panels of Figs. 3 and 7, left panel).
This correlation is also found when considering integrated spec-
trum in models (V18) where photons are emitted from a cen-
tral source and propagate in an expanding geometry, although
the slopes differ. The spectral shapes that we report for the halo
component are new constraints that could be derived from mod-
els such as that of Kakiichi & Dijkstra (2018), and which may
help discriminating among possible scenarios.

Moreover, if the Lya photons are all produced inside galax-
ies and because the scattering events have a smoothing effect,
the Lya emission is expected to be rather homogeneous around
the galaxy, as illustrated in S19 (their Fig. 9). This is however
complicated to compare to our results here as the MUSE PSF
also has a smoothing effect. Looking at the spectral properties
of our galaxies, the Lya resolved maps (Fig. 2) reveal that some
galaxies show significant spectral variations within their CGM.
This observation can imply variations in the HT column density,
covering factor or ionization state of outflowing gas which, as
suggested in numerical simulations, presents a complex struc-
ture (e.g., Mori & Umemura 2006; Peeples et al. 2019, S19).

7.3.2. Gravitational cooling

In this scenario, the Lya haloes are powered by the gravita-
tional energy of the primordial cold hydrogen gas located in the
IGM and falling into the dark matter (DM) potential of the host
galaxy along filaments. The mechanism at play is the so-called
“cooling radiation” (Haiman et al. 2000; Fynbo et al. 2001;
Furlanetto et al. 2005) for which the hydrogen atoms in the
CGM are excited, and Lya photons emitted, through collisional
processes.

Theoretical and numerical studies (Dijkstra et al. 2006;
Trebitsch et al. 2016) predict the spectral shape of the Ly line in
a cooling configuration to be blueshifted relative to the systemic
redshift with a blue tail with respect to the peak of the line.

Yet, this prediction is impossible to verify with our data
because the MUSE spectra of our galaxies do not show any
other lines enabling to measure of the systemic redshift. How-
ever, because the vast majority of our total Ly lines are single-
peaked and asymmetric with a red tail, we make the assump-
tion that they correspond to the red peak of the Ly« line and use
the V18 empirical relation to estimate the systemic redshift of
our galaxies. Our results show that, in some cases, the Ly« line
in the core and/or halo components can be bluer (Av < 0, top
middle panel of Fig. 6 and e.g., #82, #1113 or #1711 in Fig. 4,
orange or blue lines) than the peak of the total Lya line (purple
line in Fig. 4) which is the line used to establish the V18 rela-
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tion. This velocity shift reaches —142kms~! in the core and

—-53kms~! in the halo component. In the following, we want
to figure out if those lines are bluer than the systemic redshift.
The V18 relation predicts the peak of the total Ly line to be
redshifted from the systemic redshift by values ranging from
+143kms~! (£55kms™") to +411kms™! (x282kms™") for our
sample. We used the FWHM measured from the best-fit total
Lye line not corrected for the MUSE LSF because the V18 rela-
tion is not corrected for instrumental effects. The peak velocity
shifts of the 19 objects with S/N > 6 calculated using the V18
relation are shown in Fig. 12 (black squared symbols). Consid-
ering such empirical systemic redshift values, Fig. 12 shows that
the Lya core or halo lines (orange and blue symbols) do not
appear blueshifted (even when considering the 1o errors) rel-
ative to the systemic redshift (indicated by the red dashed line).
Interestingly, some LAEs seem to show asymmetric lines with a
blue tail mainly in the halo (e.g., #149, #1723 or #7159, Fig. 4
or 6 top right). If those lines are actually blueshifted, it would be
interpreted by the models as a hint of cooling gas flow.

In conclusion, our test for this scenario is clearly limited
by the fact that we do not know the systemic redshift of our
galaxies. As mentioned in our sample definition (Sect. 2.2), 16
double-peaked LAEs have been excluded for this study. The blue
bumps of those objects may correspond to this expected cool-
ing signal predicted by models. Such objects will be studied
in future work. However those spectral features are not com-
mon in the MUSE UDF field compared to the single-peaked
LAEs at z > 3 and therefore, this scenario does not appear to
be dominant. Finally, we note that interestingly some objects
(e.g., #1950, #6416) have a Ly« line which is more blueshifted
in the halo than in the core. A better spectral resolution is needed
here to determine if this could actually be non-resolved blue
dominant double-peaked lines and therefore a hint of inflowing
cold gas.

7.3.3. Fluorescence

This scenario assumes that there is enough Lyman continuum
(LyC) radiation escaping the host galaxy to photoionize the sur-
rounding hydrogen gas in the CGM. Additional ionizing radia-
tion could also be generated by external sources like a nearby
quasar or the cosmic UV background (Furlanetto et al. 2005;
Cantalupo et al. 2005; Kollmeier et al. 2010). This mechanism
is usually invoked for large Lya blobs around quasars (e.g.,
Borisova et al. 2016) or very compact galaxies (Marino et al.
2018). There is no type-1 AGN in our sample (see Sect. 5 of H17
for discussion), and we thus assume that the ionizing sources are
the young stars residing in the H1I regions of the host galaxies.
In order to produce extended nebulae, this scenario requires
that the CGM contains a volume-filling component of high-
density neutral gas (generally referred to as clumps). The high
density allows these clumps to recombine fast enough so as
to convert ionizing radiation into Lya photons without being
instantly photo-evaporated. In such a scenario, we expect rela-
tively little scattering effects, because the covering fraction of
clumps needs to be low enough for distant clumps to be illu-
minated by ionizing radiation and create the observed extended
Lye flux. In that case, the line width and shape will be indicative
of the velocity distribution of the clumps. The fact that we find
broad and red lines in the haloes in general would then again
suggests strong outflows with broad velocity distributions, peak-
ing at high velocities. As in the previous section, we note that
we have excluded from our sample haloes with double peaked
lines. In the present scenario, these may have been signs of gas
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Fig. 12. Ly peak velocity shift relative to the systemic redshift esti-
mated using the V18 relation for our S/N > 6 sample. The red dashed
line indicates the systemic redshift position (i.e., zero shift). The peak
velocity shift of the total Ly line relative to the V18 systemic red-
shift is indicated by the black squared symbols. The best-fit peak posi-
tion of the lines in the halo and core are indicated in blue and orange,
respectively.

clumps falling in. This is perhaps what we see in object #149
(see Fig. 2).

A powerful diagnostic to test this scenario is to look at the
Ha emission. Indeed, if we find it to be extended, it would mean
that Lya photons are emitted from a photo-ionized medium and
thus through a fluorescence process (Mas-Ribas et al. 2017, their
Fig. 6). Sobral et al. (2017) did compare the physical scales of
their stacked Ha and Lya images constructed from LAEs at z ~
2 and found the He distribution to be two times smaller. Those
results suggest that this scenario is not (the only one) at play.
We note however that their LAEs sample has a slightly brighter
luminosity range (42.5 <log(Liy,) [ergs™']<43.5) and that the
sources with the highest Ly luminosities are dominated by
X-ray detected AGN.

7.3.4. Satellites

Numerical simulations show that galaxies are rarely alone but
often surrounded by a number of satellite galaxies located
inside their virial radius (e.g., Shimizu & Umemura 2010; Lake
et al. 2015; Smith et al. 2019). In this scenario, the Lya halo
would actually consist of the Ly« radiation emitted by satellites
(Momose et al. 2016).

The analytical study of Mas-Ribas et al. (2017) has shown
that satellite LAEs located at large radii (>20kpc) from the cen-
tral galaxy can contribute to the powering of the Lya haloes at
those radii. Because our resolved analysis (Sect. 3) focuses on a
more central region of the halo (<20 kpc), we thus do not expect

a contribution from satellites for our haloes. However, recent
resolved Lya halo studies using lensing clusters (Patricio et al.
2016; Claeyssens et al. 2019) reveal the presence of one satellite
associated to the central galaxy. This satellite is responsible for
variations in the Lya spectral profile (see their resolved maps)
and is located at ~10 kpc from the central galaxy. One can then
wonder whether the spatial variations detected within our LAHs
indicate the presence of satellites. After careful visual inspection
using deep HST imaging?, we do not find any strong evidence of
such objects except maybe for the #1185 LAE. Indeed, looking
at its peak position map (Fig. 2), the blue feature on the right
of the source center seems to correspond to one of the galaxies
visible in the HST image. One of those HST galaxies has a close
redshift (zgpz =4.46 £0.25 and zgazy =4.36 + 0.10) correspond-
ing to a velocity shift of ~~100kms~! which is consistent with
the observed peak velocity shift. Moreover, it is interesting to
note that the presence of a satellite is suspected in the vicinity of
the second lensed LAE analyzed in C19. This suspicion is based
on the fact that strong spectral variations are detected in a local-
ized region at =8 kpc from the central galaxy. The authors found
no HST counterpart for this prospective satellite highlighting
that such satellites could be very faint in UV continuum. This
possibility would agree with Mas-Ribas et al. (2017) who pre-
dict the UV absolute magnitude of satellites to be >—17.

In fact, with the same data as used in the present paper, 117
report a large number of LAEs with no HST counterpart in the
catalog of Rafelski et al. (2015). Maseda et al. (2018) further
investigated these objects and showed that their typical UV con-
tinuum magnitude is about —15. These findings remind us that
despite the exquisite depth of Hubble data in our field, we can
probably not see the UV counterparts of small satellite galax-
ies that may contribute significantly to the LAHs. However, the
typical Lya flux of these objects is ~107 8 ergs™! cm™ and so
one would require large numbers of satellites (>10) to account
for the full Lya luminosity of the haloes. We also note that the
velocity distribution of satellite galaxies is unlikely to produce a
red asymmetric line, and thus argue that the contribution of faint
companions to the LAHS is probably not dominant.

8. Summary and conclusions

From our integral field spectroscopic observations of the LAEs
detected in the MUSE UDF, we analyzed the spectral properties
of 19 LAHs detected around individual star-forming galaxies at
redshift z > 3. Those objects were selected to have a LAH with
a good S/N (>6). Two methods were employed: we constructed
spatially resolved maps of the Lya spectral properties for the six
brightest LAHs (Sect. 3) and performed a 3D two-component
fit including the 13 fainter ones (Sect. 4). This study allowed us
to push further the analysis of the LAHs and better characterize
the properties of the CGM. Our main results are summarized as
follows:

1. We detect small-scale variations in the spectral shape of the
Lya emission between the halo and the core regions of the
galaxies but also within the halo itself (Figs. 2 and 4). The
observed Lya profiles span a large range of parameters in
terms of width and peak velocity shift, and are different for
each object (Sects. 3.3 and 5.1). This result emphasizes the
complexity and the diversity of configurations of the cold
CGM (Sect. 7.1).

3 We look at HST band including Ly emission. We also check the
MUSE and photometric redshift of the surrounding sources.
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2. We find that the Ly lines in the center of the galaxy and in
the CGM are statistically different (in terms of peak velocity
shift, width and asymmetry) for ~40% of our tested objects
(Sect. 5.4).

3. On average, the Lya line in the haloes are broader, redder
and less asymmetric than the Ly line in the cores (see Fig. 6,
upper panels). However, the dispersion of the line parameters
are very broad. In particular, we find objects that show an
opposite trend: narrower and bluer line in the halo.

4. We find a relation between the width of the LAH line and
its peak velocity shift (Fig. 7, left panel). This result holds
globally as well as locally (see Fig. 3, top row) on individual
objects. A correlation between the asymmetry of the central
Lye line and its velocity separation with the line in the halo
is also found (Fig. 7, right panel).

5. We investigated the relation between the spectral and spa-
tial properties of the LAHs (Sect. 6.1). While we found no
correlation with the scale lengths (see Fig. 8, left panel), our
results show that the galaxies with high Lya flux fraction in
the halo have a broader Ly« line in the halo than in the core
(Fig. 9).

6. We do not observe any significant evolution of the Ly« line
parameters between the redshift range of 3—6.

7. Interestingly we found that the UV bright (Myy < —20 mag)
galaxies of our sample have the broadest Ly« lines in the
halo (Fig. 10, top panel). Additionally, their Lya lines are
broader, redder and less asymmetric in the halo. Finally, the
most significant correlation we found is between the S slope
of the host galaxy and the FWHM of the emerging Lya line
in the core and in halo (Fig. 11). This result suggests that the
dustier galaxies have broader Ly« lines.

8. With the new information we obtained from our spectral
analysis of the LAHs, we attempted to answer the question
of their origin. The generally broad and red line shapes found
in the halo component suggests either scattering through an
outflowing medium, fluorescent emission from outflowing
cold clumps of gas, or a mix of both. Gravitational cooling,
because of the blue line it is expected to produce, appears
unlikely to explain our observations. An important contri-
bution of satellites could be possible with no counterpart in
very deep UV images, but we argue that it is unlikely to be
dominant because of the asymmetry of the observed lines.

Our MUSE data allowed us to perform the first statistical analy-
sis of the spatially resolved spectral properties of the Ly« distri-
bution around individual and distant star forming galaxies. This
study emphasizes the large amount of information encoded in the
Lya spectral shape as well as the difficulty to decode it. Detailed
comparisons of observations with realistic simulations as well
as larger and deeper LAE samples are needed to have a clearer
idea of the mechanisms regulating the gas exchanges between
the galaxies and their CGM at z > 3.
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Appendix A: Looking for correlations — the spectral properties of the LAHs (Fig. A.1);

— the spectral and spatial properties of the LAHs (Fig. A.2);
The following figures show the different comparisons that we did ~ — the spectral properties of the LAHs and the UV properties
in order to investigate the correlations between: and redshift of the host galaxy (Fig. A.3).
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Fig. A.1. Relations between the line parameters resulting from our 3D fit procedure (see Sect. 4.1.3). The larger symbols indicate the six S /Ngaro >
10 objects. Spearman rank correlation coefficients ps and corresponding py values are shown in each panel. The dotted lines represent the one to
one relation. The first and last panels of the bottom row are also displayed in Fig. 7.
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objects for which the core/halo Ly« lines are not statistically different in terms of width, peak position and asymmetry parameter (see Sect. 5.4).
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Appendix B: Best-fit parameters not corrected for

LSF effects

The LSF of the MUSE data has been characterized in
Bacon et al. (2017). Table B.1 reports the best-fit parameters

values not corrected by the MUSE LSE. On average the LSF
has a broadening effect of *x100kms™' and a redshift effect of
~20kms~! (median values) in the core component (no effect on
the median value are observed for the lines extracted in the halo
component).

Table B.1. Fitting results from our 3D two-component analysis on 19 LAEs not corrected for LSF effects.

ID FWHMcore FWHMuALO — GasymCORE ~ QasymHALO — AP€akcorg  AP€akyaro  AVHALO-CORE
[kms™'] [kms™'] [A] [A] [kms™']
82 263418 464+21 0.277092  0.0670%  5600.1*31  5603.5704 18128
149 21073 2112 0.137000  —0.09*007  5738.1*0)  5737.8*03 -15*17
180 386"39 388+8 0.11%096  0.15701  5421.3*03  5420.8*)2 -30*23
547 224%1 24141 0.297003  0.11%030  8479.9*07  8480.2*)8 10+32
1059 330*; 471733 0.257001  0.170%%  5841.0*01  5842.0%04 552
1113 301+18 381+2%8 0.257002 0.14%004  4971.0*01  4972.8*03 104+24
1185 340*3 507413 0.267091  0.1170%2  6683.8*01  6685.6%02 80713
1283 324+72 496*33 0.34*207  0.28*008  6519.0'03  6521.6%0¢ 1174}
1711 29212 288+3% 0.18*00%  0.14*011  5792.4*92 57917408 —41+3]
1723 272410 4294137 0.177092 —0.19*318  5592.2*01  5593.5+07 704
1726 22012 214*% 0.19*093  0.19*0%  5720.8*01  5720.5*03 -19+20
1761 2466 33244 0.32+014 —0.02%933  6110.3*0¢  6112.0*1) 81+80
1817 261+ 212448 0.167092  0.05*011  5366.3*01  5365.9*04 —24+%
1950 290+32 327+86 —0.12*7012 0157010 6650.6705  6648.9%]3 -80*5¢
2365 28742 29076 0.157096  0.27+01)  5587.4*03  5587.9%0¢ 2548
6416 33923 2252 0.10700%  0.21*00  6358.9*04  6357.0*92 -91+2]
6680 19343 2697, 0.12+001  0.20*018  6689.6'00  6688.9*10 -32+4%
7047 258+16 186+% 0.19*093  0.22+008  6355.4*02  6355.5*03 4+31
7159 221403 414+6 0.02+0%  —0.08*0%  4856.3*01  4855.6*0¢ —46+4

Notes. ID: source identifier in the MUSE UDF catalog by 117. FWH Mcogg: rest-frame full width at half maximum of the Ly« line extracted in

the core component in km s

-1

. FWHMya 0: rest-frame full width at half maximum of the Ly« line extracted in the halo component in kms™.

-1

Qasym,core: asymmetry parameter of the Lya line in the core. dyymparo: asymmetry parameter of the Lya line in the halo. Apeakcogrg: peak
wavelength position of the Lya line in the core in A. Apeaky . o: peak wavelength position of the Lya line in the halo in A. AvigarLo-core: halo/core

-1

peak separation in kms™'.
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